ABSTRACT
INTRODUCTION
Studies of the dynamics of specific cytoplasmic components within living cells are becoming practical by using green fluorescent protein (GFP) as a molecular marker. A variety of cytoplasmic proteins (e.g., enzymes and structural molecules) have been successfully fused to GFP, creating chimeric proteins that are utilized as valuable tools to study cytoplasmic processes by direct visualization of specific proteins (5, 14) . Nevertheless, anecdotal experience indicates that certain GFP-tagged proteins fail to show fluorescence in patterns that match the endogenous protein.
Detailed mutational analysis revealed that the structure of GFP is extremely sensitive to molecular or biochemical modifications (7, 13) . For example, deletion of the first amino acid (methionine) or the last seven amino acids (aa) result in total loss of fluorescence activity (7) . Similar deleterious effects can result from other structural modifications or biochemical conditions (13, 17) . Moreover, unlike short peptide epitopes that serve as molecular tags (e.g., Flag ® or hemagglutinin epitope) GFP is relatively large (238 aa). For these reasons, direct fusion between GFP and the protein being examined can alter the function of GFP, its fusion partner or both. Indeed, the expression of the GFP/actin fusion protein in Dictyosteliumresults in dominant-negative effects on cell spreading, cytokinesis and motility (1) . Here, we observed a nonspecific localization pattern of several fusion proteins of GFP with cytoskeletal molecules (see Results).
To provide an alternative approach to overcoming this and related problems resulting from covalent fusions of GFP with other proteins, we have developed a general methodology based on leucine zippers as linkers and spacers to form a modular, noncovalent GFP-protein complex. In this system, GFP is targeted to specific molecules and thereby to specific sites in cells using modified dimerization domains of a leucine zipper protein, the vitellogenin gene binding protein (VBP) (11) . The leucine zipper domain of VBP has been modified to generate leucine zipper pairs that preferentially heterodimerize. The use of leucine zipper structures to mediate heterodimerization has several advantages. First, leucine zipper domains can form a specific and stable, yet noncovalent bond (11), thereby providing linkages that are stable but less likely to transmit structural distortions from one protein component to another in the absence of a direct linear covalent link. In addition, the dimeric coiled-coil structure formed by the leucine zipper provides a spacer between the partners of the complex. A wide range of leucine zipper domains with different intermolecular specificities and dimerization affinities has been designed (11) . Because these dimerization domains are short and their sequences lack common restriction enzyme sites, polymerase chain reaction (PCR)-based construction of custom adapters for incorporating full-length cDNA molecules into an expression plasmid is simple and requires sequencing of only a short DNA segment to confirm accuracy of the PCR step.
In this study, we fused an acidic leucine zipper dimerization domain to the C terminus of GFP and its basic counterpart to the N-terminal head domain of α -actinin. Co-expression of these components in the cytoplasm resulted in specific targeting of GFP to cytoskeletal structures, especially to actin-containing stress fibers.To establish the generality of this approach, we also examined a leucine zipper/vinculin fusion protein. Vinculin targeted GFP to distinct sites, the "focal contacts" involved in cellular adhesion.
MATERIALS AND METHODS

Generation of Leucine Zipper Fusion Proteins
Expression vectors were constructed using standard molecular biology methods (15) . Briefly, leucine zipper E . E 34 coding cDNA was amplified from template plasmids (11) in-frame, upstream to the insert. The resulting plasmid was sequenced and confirmed to encode the Flag epitope followed by a modified dimerization leucine zipper domain and α -actinin N terminus, and was designated pFlag/ E . E 34 / α -actinin.
Full-length chicken vinculin cDNA with 5 ′ Hin dIII and a 3 ′ Xba I sites (kindly provided by B. Geiger, The Weizmann Institute of Science, Israel) was ligated into Hin dIII/ Xba I restricted pRc/CMV vector containing the Flag epitope and the E . E 34 form of VBP leucine zipper domain described above. The resulting plasmid was designated pFlag/E . E 34 /Vinculin.
For GFP expression, we used the vector pCA1 containing a cytamegalovirus (CMV) promoter followed by GFP cDNA [with the S65T mutation (10)] and Hin dIII and Xba I restriction sites. Modified leucine zipper dimerization domains of VBP were amplified by PCR from template plasmids (11), restricted by Hin dIII/ Xba I and ligated into the GFP vector. The resulting plasmid was designated pGFP/R . R 34 . Detailed descriptions of oligonucleotides used to generate the PCR products are available upon request.
Western Blotting Analysis of Flag Epitope
Adherent human foreskin fibroblasts (kindly provided by Susan S. Yamada, National Institute of Dental Research, NIH) were transfected with plasmid DNAs by electroporation as described in Reference 12. After 48 h, the cells were lysed with RIPA buffer as previously described (6), and 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed, followed by Western blotting analysis with anti-Flag Monoclonal Antibody M2 (International Biotechnologies, New Haven, CT, USA) (6).
Indirect Immunofluorescence
Human foreskin fibroblasts on coverslips were fixed with 4% formaldehyde with 5% sucrose in phosphatebuffered saline (PBS) for 10 min and permeabilized with 0.5% Triton ® X-100 in PBS for 10 min. Immunofluorescence staining was performed as previously described (12) . In some cases, the cells were examined by confocal microscopy (Model TCS 4D; Leica, Deerfield, IL, USA).Optical sections were performed at 250-nm intervals in the Z plane.
RESULTS
GFP was fused to the globular head domain of α -actinin (the N terminus including aa 1-252) with the aim of labeling actin-containing cytoskeletal structures to study their dynamics. The head domain of α -actinin contains two actin-binding sites that mediate the α -actinin/actin association (2). However, transfection of fibroblasts with the GFP/ α -actinin, N-terminus fusion protein resulted in a nonspecific pattern of localization with prominent nuclear localization, which failed to match the pattern of actin microfilaments ( Figure  1 ). The lack of GFP fusion localization and its low fluorescence were not a result of negative effects on the actin cytoskeleton (not shown). Other GFP fusions with the cell-cell adherence junction proteins α -catenin and plakoglobin also resulted in low fluorescence intensity and lack of localization when expressed in epithelial cells (data not shown). We therefore generated noncovalent complexes of GFP with cytoskeletal components based on heterodimerization mediated by modified leucine zippers.
Generation of Leucine Zipper Fusion Proteins
A pair of heterodimerizing leucine zipper domains, 31 aa in length, was selected to mediate intermolecular GFP targeting. The mutated E . E 34 and the R . R 34 forms of the VBP leucine zipper dimerization domain (11) fulfilled requirements for high affinity and minimal self-interaction, and Figure 2 shows their amino acid sequences and heptad organization. This pair of leucine zipper modules has a low affinity for homodimerization (K d = 8.1 × 10 -4 M, with a melting temperature [T m ] of 21.6°C for the E . E 34 form, and K d = 3.9 ×10 -5 M with a T m of 27.1°C for the R . R 34 form, ensuring a lack of dimerization under routine cell culture conditions of 37°C) (11) . The E . E 34 and the R . R 34 leucine zipper domains form heterodimers with a high affinity of K d = 7 × 10 -9 M and a T m of 51.5°C (11) .
The E . E 34 form was fused to the N terminus of α -actinin or of vinculin, and the R . R 34 form was fused to the C terminus of GFP. These orientations of 300BioTechniques
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Expression and Localization of Leucine Zipper Fusion Proteins in Fibroblasts
The plasmid containing the Flag/ E . E 34 / α -actinin cDNA was transfected into human foreskin fibroblasts. Fortyeight hours after transfection, total protein extracts (50 µ g from transfected compared to nontransfected control cells) were analyzed by Western blotting with anti-Flag monoclonal antibody (MAb). As shown in Figure 3 , cells transfected with the E . E 34 / α -actinin plasmid expressed an approximately 35-kDa protein (the predicted molecular size of the fusion protein from the amino acid sequence) containing the Flag epitope. No additional bands were detected, indicating that the fusion protein was not cleaved by proteases. Immunofluorescence staining of the transfected cells with anti-Flag MAb showed localization of the fusion protein both along the actin stress fibers and in the cortex of the cells ( Figure  4A ). No morphological changes or modifications of the actin cytoskeleton were observed in the transfected cells compared to the nontransfected cells according to phase-contrast microscopy, and staining of the cells with rhodamine-labeled phalloidin to stain F-actin filaments (not shown).
GFP/R . R 34 was expressed in human foreskin fibroblasts. Forty-eight hours following transfection, the cells were fixed, but not permeabilized, and were examined by confocal microscopy. Figure 4B shows an optical section 1 µ m above the ventral surface of the cell. GFP/R . R 34 was distributed relatively diffusely both in the cytoplasm and nucleus, as previously reported for the distribution of GFP alone (with no fusion) (4) . Similar patterns of expression were observed for other optical sections throughout the cells (data not shown). GFP without fusion to any other protein had a similar diffuse distribution pattern (not shown). The transfection efficiency with GFP/R . R 34 was approximately 30%, and no morphological changes were observed compared to nontransfected cells.
Leucine Zipper-Mediated Targeting of GFP to Actin Subcellular Structures
To test the full system of leucine zipper-mediated linkages to GFP, we cotransfected the plasmids coding for GFP/R . R 34 and Flag/E . E 34 / α -actinin into human foreskin fibroblasts.The distribution of GFP in the transfected cells was analyzed using confocal microscopy 48 h after transfection. About 30% of the cells were positive for expression and most expressed both proteins. A series of optical sections along the Z-axis was performed; Figure 4C presents two of them. An optical section 1 µ m above the ventral surface (bottom) of the cell shows a peripheral, cortical pattern of distribution of fluorescence, with relatively little GFP localized at the center of the cell ( Figure  4C ). An optical section 0.25 µ m above the ventral surface of the cell shows a filamentous pattern typical for actin stress fibers that is parallel to the bottom of the cell ( Figure 4C ). No changes in cellular morphology or actin organization were observed in the transfected cells compared to the nontransfected cells. In later studies, we examined GFP heterodimer localization in living transfected cells for 8 h using timelapse video fluorescence microscopy (exposures at 10-min intervals, 3 s/exposure). GFP targeted by α -actinin continued to label the actin cytoskeleton for the entire period, even as the cell underwent movements (not shown).
Leucine Zipper-Mediated Targeting of GFP to Focal Contacts by Vinculin
To examine the general utility of this approach, i.e., labeling other proteins that target other sites in cells, we generated GFP plus vinculin complexes. Vinculin is one of the major structural components of the well-studied cell-matrix adhesion complexes termed focal contacts (9) . We used a leucine zipper/vinculin fusion protein to attempt to direct the localization of GFP to the focal contacts of human foreskin fibroblasts.
Human foreskin fibroblasts transfected with pFlag/E . E 34 /vinculin expressed a single 125-kDa protein, the expected molecular size of the E . E 34 / vinculin fusion protein (not shown). When pFlag/E . E 34 /vinculin and pGFP/ R . R 34 were co-transfected into human foreskin fibroblasts, GFP became localized into the focal contacts, and did not co-localize with actin microfilaments ( Figure 4D ). Additional studies showed that the leucine zipper bond was maintained after cells were detached and kept in suspension, and appropriate targeting of several different leucine zipper fusion proteins into focal adhesions was accomplished following cell attachment to fibronectin (unpublished).
DISCUSSION
GFP is a 37-kDa protein that serves as part of the bioluminescence mechanism of Aequorea victoria (16) . During the short period of time since its discovery, many improvements have been introduced in the molecular structure of GFP to produce better emission intensities, e.g., point mutations as well as codon changes to enhance translation in mammalian cells (3, 8, 18) . Such modifications provided improved GFP variants that are currently being used to study intracellular dynamic processes. However, changes in GFP structure can result in decreases or loss of its ability to fluoresce. Fusion between GFP and a molecular partner can also result in an alteration in the localization and/or activity of the protein being examined. A GFP-actin fusion protein has dominantnegative effects on cell spreading, cytokinesis and motility in Dictyostelium (1). Another striking example was the aberrant localization of the GFP/ α -actinin N-terminus fusion protein in this study, as well as α -catenin and plakoglobin constructs. To provide an alternative approach, we developed a general-purpose modular system using high-affinity, noncovalent linkers and spacers based on the leucine zipper. The coding sequence of leucine zippers is short (128 nt), and it does not contain any internal restriction sites for commonly used enzymes. These properties make it convenient to fuse leucine zippers to various proteins by simple PCR-
